To promote the in situ generation of hydrogen peroxide (H 2 O 2 ) in electro-Fenton system, a new air diffusion electrode (ADE) was put forward in the present work using N-doped multi-walled carbon nanotubes (NCNT) as the catalyst layer, multi-walled carbon nanotubes (CNT) as the diffusion layer, and nickel foam (NF) as the supporting material, respectively. The catalyst layer in ADE was characterized by transmission electron microscopy and X-ray photoelectron spectroscopy. 
INTRODUCTION
Advanced oxidation processes (AOPs) have shown much higher efficiency of degradation of recalcitrant organic compounds in the aquatic environment, and an attractive AOP of electro-Fenton (E-Fenton) has received tremendous attention in recent decades (Li et al. ; Zhang et al. ) . The E-Fenton process is based on the continuous in situ electrogeneration of hydrogen peroxide on the cathode by two-electron reduction of dissolved oxygen as in Equation (1) and then oxidative degradation of organic substrates via extremely powerful hydroxyl radicals (·OH) that originate from the well-known Fenton reaction between H 2 O 2 and Fe 2þ as in Equation (2) (Brillas et al. ) . This process is of interest since it opens up a green approach to electrochemical production of H 2 O 2 , which can eliminate the limits of acquisition, shipment, and storage of H 2 O 2 .
Generally the high production of H 2 O 2 plays an important role in the E-Fenton technology for effectively destroying organic pollutants, and the efficiency of H 2 O 2 production is heavily dependent on the types and properties of the cathode materials. At present, carbonaceous materials are the most widely used cathodes, e.g. activated carbon fiber (Wang et al. ) , carbon or graphite felt (Pimentel et al. ; Panizza & Oturan ) and carbon sponge (Özcan et al. ) . Although these cathodes exhibit a high overpotential for H 2 evolution and low catalytic activity for H 2 O 2 decomposition, the poor solubility of O 2 in electrolyte coupled to mass transfer limitation causes low efficiency in H 2 O 2 production. In this regard, there has been an increasing interest in the use of the gas diffusion electrode (GDE) because it comprises a porous and hydrophobic structure which enables air or oxygen to be supplied directly to the electrode/electrolyte interface and overcomes the limitation of mass transportation imposed by the low solubility of O 2 (Bañuelos et al. ; Thiam et al. ) . However, the practical application of GDE is not so satisfactory due to its relatively small specific surface area and poor stability. Therefore, it is still necessary to develop a more stable and efficient GDE for the E-Fenton process.
Carbon nanotube (CNT) is considered to be a promising electrode material, and some studies revealed that the electrodes modified with CNT had positive effects on H 2 O 2 production due to the higher surface area and greater number of mesoporous pores than the unmodified ones (Khataee et al. ) . Furthermore, the functionalization of carbonaceous materials with nitrogen could enhance the catalytic activity of carbon in the electron transfer reaction (Zhang et al. ) . In this paper, a simple and efficient chemical modification method with hydrazine hydrate was firstly used to modify CNT (noted as NCNT), which was further used to fabricate a novel air diffusion electrode (ADE). Polytetrafluoroethylene (PTFE) worked as the pore-forming agent, and nickel foam (NF), which has a distinct three-dimensional porous structure, high conductivity and good structural stability, was selected as the supporting material (Song et al. ) . The prepared electrode was noted as NCNT/NF/CNT ADE, and its performances were evaluated by the H 2 O 2 production and the degradation efficiency of organic pollutant in the E-Fenton system, using p-nitrophenol (p-NP) as the model target.
METHODS NCNT/NF/CNT ADE preparation
All chemicals used in this study were analytical grade and were used as received without further purification. The CNT powder (Shenzhen Nanotech Port Co. Ltd, China) was firstly subjected to an acid leaching with 20% HNO 3 solution at room temperature for 24 h, washed with deionized water in sequence and then dried at 110 W C in a vacuum oven for 24 h. NCNT was obtained by a simple method with hydrazine hydrate. First the as-prepared CNT was immersed in 50% hydrazine hydrate solution, refluxing at 60 W C for 12 h, and then the mixture was filtered and annealed at 150 W C for 2 h.
The NCNT/NF/CNT ADE was fabricated as follows. A 0.2 g NCNT and 0.2 g PTFE (60 wt.%) emulsion was mixed with ethanol in an ultrasonic bath for 10 min and then mechanically stirred at 80 W C until the mixture resembled an ointment in appearance, which was deposited uniformly onto the surface of the supporting material NF. This coating is the so-called catalyst layer. Similarly, 0.1 g CNT and 0.3 g PTFE were deposited as the diffusion layer onto the other side of the NF. Finally, the prepared NCNT/NF/CNT ADE was calcined at 350 W C for 1 h, immersed in acetone for 24 h to remove residual organic compounds and rinsed with deionized water, followed by air drying. For the sake of comparison, a CNT/NF/CNT ADE was also prepared with the same procedure except that the catalyst layer was CNT.
Electrode characterization
The structural morphology and size distribution of the NCNT were determined by transmission electron microscopy (TEM, TECCNAI F20 model electron microscope). The chemical state and composition of NCNT were studied by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250XI).
H 2 o 2 accumulation and p-NP degradation
The H 2 O 2 accumulation and p-NP degradation experiments were carried out in an undivided electrolytic cell containing solutions of 200 mL, equipped with a heat-gathering style magnetic stirrer which not only stirred the solution at a constant magnetic stirring of 300 rpm to ensure mixing and transport of reactants towards/from the electrodes, but also maintained the solution temperature at 25 W C. The anode (Pt foil, 1.5 cm × 1.5 cm) and cathode (NCNT/NF/ CNT ADE, 2.5 cm × 2.0 cm) were positioned vertically and parallelled to each other at a distance of 4 cm. Prior to the electrolysis, air was bubbled at a flow rate of 0.4 L min
À1
to the diffusion layer of the cathode for 20 min to make the solution saturated with O 2 , and then bubbled throughout the whole process. In the experiments of H 2 O 2 accumulation, 0.05 mol L À1 Na 2 SO 4 aqueous solution with an initial pH value of 3 was used as the electrolyte. In the p-NP degradation experiments, besides the Na 2 SO 4 , Fe 2þ of certain concentrations and p-NP with an initial concentration of 50 mg L À1 were added into the above electrolyte.
All the experiments were performed at a desired current intensity provided by a DC power supply. During the experiments, samples were drawn from the reactor at certain intervals and filtered immediately through 0.45 μm membrane filters for analysis.
Analysis
H 2 O 2 concentration was determined by the potassium titanium oxalate method (Sellers ) using a UV-visible spectrophotometer (TU1810, China). The current efficiency (CE) for H 2 O 2 accumulation was defined as Equation (3) (Zhou et al. ):
where n is the number of electrons transferred for O 2 reduction to H 2 O 2 , F is the Faraday constant (96,486 C mol
V is the bulk volume (L), I is the current (A), and t is the time (s). p-NP concentration was measured by high performance liquid chromatography (Shimadzu, Japan) with UV detector wavelength at 310 nm. The mobile phase was a mixed solution containing 60% (volume fraction) methanol, 39.8% water and 0.2% concentrated H 3 PO 4 . The separation was performed at 30 W C using an Agilent TC-C18 column (150 mm × 4.6 mm, 5 μm) at a flow rate of 1.0 mL min
À1
. The total organic carbon (TOC) concentration of the sample in the E-Fenton process was measured with a TOC analyzer (ELAB, China).
RESULTS AND DISCUSSION

Characterization of NCNT
NCNT was successfully modified with hydrazine hydrate. characteristic feature when N is doped into the CNT structure (Mo et al. ) . The diameter of NCNT ranged from 20 to 50 nm, while the wall thickness was about 10 nm. Figure 1(c) shows the N1s XPS spectrum of NCNT, which was obtained to gain an understanding of the types of the nitrogen-containing species and the chemical bonding configurations of N in the sample. As can be seen, four kinds of N1s species were detected and they were pyridinic-N (peak maxima at 398.6 eV), pyrrolic-N (peak maxima at 400.1 eV), graphitic-N (peak maxima at 401.5 eV), and N-oxide species (peak maxima at 403.0 eV), respectively (Abate et al. ; Domínguez et al. ).
H 2 o 2 accumulation at NCNT/NF/CNT ADE
Since the in situ supply of H 2 O 2 through an electrochemical oxygen reduction reaction is the basis of E-Fenton technology, it is necessary to identify the H 2 O 2 accumulation performance for any objective E-Fenton cathode materials. The effect of different current intensity on H 2 O 2 accumulation was investigated. Also, the CE for H 2 O 2 generation was also calculated. The results for H 2 O 2 accumulation concentration and the corresponding CE at the current intensities from 50 to 200 mA over 120 min are displayed in Figure 2 . It can be clearly seen that the H 2 O 2 accumulation concentration increased but the CE decreased with increasing current intensity for the NCNT/NF/CNT ADE. After 120 min electrolysis, the concentrations of H 2 O 2 at the current of 50, 100, 150, and 200 mA were 218, 307, 390, and 422 mg L À1 , while CE was 68. 65, 48.45, 41.82, and 33 .25%, respectively. The decrease of CE could be ascribed to the increases of the competitive reactions such as H 2 O production process (Equation (4)) and decomposition of H 2 O 2 itself (Equation (5) 
By further comparing the results at NCNT/NF/CNT ADE and CNT/NF/CNT ADE, the NCNT/NF/CNT ADE exhibited much better H 2 O 2 accumulation performance than the CNT/NF/CNT ADE. After 120 min electrolysis, the H 2 O 2 accumulation concentration and CE reached 321 mg L À1 and 33.78%, respectively, at the CNT/NF/CNT ADE, which were respectively 70 mg L À1 and 8% less than those at the NCNT/NF/CNT ADE when the current intensity was 150 mA. This confirmed that N doping in the catalyst layer did accelerate the electron transfer of the oxygen reduction to increase the H 2 O 2 production, and indicated that NCNT/NF/CNT ADE has a possible potential application for the E-Fenton system.
p-NP degradation and mineralization at NCNT/NF/CNT ADE
Following the efficient in situ generation of H 2 O 2 at the NCNT/NF/CNT ADE, experiments using p-NP as the model pollutant were performed in the E-Fenton system to evaluate mineralization of p-NP degradation with the NCNT/NF/CNT ADE ( Figure 3 ). As can be seen in Figure  3 Recycling performance of NCNT/NF/CNT ADE For practical application, it is necessary to test the stability of NCNT/NF/CNT ADE. In this work, 10 consecutive degradations were operated under the same conditions of 120 min treatment. Figure 4 shows the p-NP degradation efficiency after 30 min and the TOC removal efficiency after 120 min in every run. It was clear that the p-NP removal efficiency remained very stable at 97-99% during all the runs, while the TOC removal efficiency decreased insignificantly within 10% from the initial 63%, and the concentration of releasing nickel ions was not detected by atomic absorption spectroscopy. These results indicated that the property of the NCNT/NF/CNT ADE was stable during E-Fenton treatment. Although 10 runs is not enough to evaluate the long-term performance, the NCNT/NF/CNT ADE can be preliminarily deduced to have a certain potential for sustainable use in the EFenton process.
CONCLUSION
In this work, a simple and efficient chemical modification method using hydrazine hydrate was used to modify CNT, and then a novel ADE was fabricated using NCNT as the catalyst layer, CNT as the diffusion layer, and NF as the supporting material. The NCNT/NF/CNT ADE showed higher H 2 O 2 accumulation concentration and CE compared with the CNT/NF/CNT ADE, which was because the N doping in the catalyst layer could accelerate the electron transfer of the oxygen reduction. For the E-Fenton degradation of p-NP, the NCNT/NF/CNT ADE presented faster p-NP decrease and higher TOC removal efficiency than the CNT/NF/CNT ADE or NF ADE. The p-NP and TOC removal efficiency increased with increasing Fe 2þ concentration from 0 to 0.4 mM, and decreased with the further increase to 0.6 mM. The kinetic studies showed that the degradation of p-NP with various Fe 2þ concentration followed pseudo first-order kinetics. Furthermore, the result of reusability with the NCNT/NF/CNT ADE demonstrated that this novel electrode had a good application prospect in the E-Fenton treatment of wastewater.
